Abstract. One important but little studied factor in the middle atmosphere meridional circulation is its longitudinal structure. Kozubek et al. (2015) disclosed the existence of the two-cell longitudinal structure in meridional wind at 10 hPa at higher latitudes in January. This two-cell structure is a consequence of the stratospheric stationary wave SPW1 in geopotential heights. Therefore here the longitudinal structure in geopotential heights and meridional wind is analysed based on MERRA data over 1979-2013 and limited NOGAPS-ALPHA data in order to find its persistence and altitudinal dependence with focus on extraordinary years. The SPW1 in geopotential heights and related two-cell structure in meridional wind covers the middle stratosphere (lower boundary ∼ 50 hPa), upper stratosphere and most of the mesosphere (almost up to about 0.01 hPa). The two-cell longitudinal structure in meridional wind is a relatively persistent feature; only 9 out of 35 winters (Januaries) display more complex structure. Morphologically the deviation of these extraordinary Januaries consists in upward propagation of the second (Euro-Atlantic) peak (i.e. SPW2 structure) to higher altitudes than usually, mostly up to the mesosphere. All these Januaries occurred under the positive phase of PNA (Pacific North American) index but there are also other Januaries under its positive phase, which behave in an ordinary way. The decisive role in the existence of extraordinary years (Januaries) appears to be played by the SPW filtering by the zonal wind pattern. In all ordinary years the mean zonal wind pattern in January allows the upward propagation of SPW1 (Aleutian peak in geopotential heights) up to the mesosphere but it does not allow the upward propagation of the EuroAtlantic SPW2 peak to and above the 10 hPa level. On the other hand, the mean zonal wind filtering pattern in extraordinary Januaries is consistent with the observed pattern of geopotential heights at higher altitudes.
Introduction
The stratosphere plays an important role as the atmospheric layer, which protects us by its ozone content from the damaging solar ultraviolet radiation, which to some extent affects weather and climate, which affects the whole troposphere-tothermosphere system through the polar sudden stratospheric warming, and which mediates solar influences on the troposphere and tropospheric wave impact on the upper atmosphere and ionosphere. Stratospheric winds play an important role in the above processes and phenomena as well as in internal stratospheric processes. They create transport barriers, which isolate the polar vortex in winter (e.g. Shepherd, 2007) . The Antarctic ozone hole intensification over the 1980-2001 period is not solely related to the trend in chemical losses, but more specifically to the balance between the trends in chemical losses and ozone transport (Monier and Weare, 2011) . The change of ozone trends in the northern middle latitudes in the mid-1990s is predominantly of dynamical origin, particularly in the lower stratosphere (e.g. Harris et al., 2008) .
Many studies use zonal means for their analyses. However, various phenomena and processes reveal longitudinal dependence. The Northern Hemisphere has a pronounced distribution of continents, mountain regions and oceans, which is reflected not only in the troposphere but in the stratosphere as well. Some phenomena introduce longitudinal differences into wind pattern, for example the El Niño-Southern Oscillation -ENSO (e.g. Weare, 2010) . The total ozone in the winter higher middle latitudes has a strong longitudinal de- pendence, the maximum-minimum difference being more than 100 Dobson units (D.U.) (e.g. Mlch, 1994; Krizan et al., 2011) . Effects of geomagnetic storms on total ozone are fully non-zonal; they disappear in zonal averages (Lastovicka, 2003) . Global satellite observations provide clear spatial patterns of stratospheric gravity wave activity with gravity wave hotspots, which induce longitudinal structure in distribution of gravity wave activity (e.g. Hoffmann et al., 2014 Hoffmann et al., , Šácha et al., 2015 . Demirhan Bari et al. (2013) found a longitudinal dependence of residual winds in the stratosphere and, through impact on the Brewer-Dobson circulation, changes in global circulation, distributions and concentration of stratospheric ozone and water vapour in the stratosphere and lower mesosphere for 2001 -2006 . Garcia-Comas et al. (2016 studied MIPAS temperature in the mesosphere and lower thermosphere; they observed some tide-related longitudinal oscillations in temperature.
The basic structure responsible for much of the longitudinal dependence in the stratosphere at higher latitudes in the winter part of the year (October-March) is the stationary planetary wave with zonal wave number 1, i.e. with one peak, which is located over the northern Pacific Ocean and is known also as the Aleutian High. Harvey and Hitchman (1996) examined 10 years (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) of data from the European Centre for Medium-Range Weather Forecast in the layer 250-10 hPa. They found the Aleutian High and its effect in geopotential height, temperature, winds, and potential vorticity. Consequently, during much of the boreal winter, stratospheric flows are highly zonally asymmetric. Har- vey and Hitchman (1996) also found a westward tilt of the Aleutian High with height, which is typical for the stationary planetary waves. These results were further developed, particularly in relation to the stratospheric polar vortex, by Harvey et al. (2002) . Figure 1 shows the 34-year (1979-2012) composite of the average Aleutian height in the stratosphere and lower mesosphere (10-0.1 hPa). The higher geopotential heights in the region of the Aleutian High including its westward shift are clearly visible. The most pronounced effect of the Aleutian High has been observed in meridional wind. The Aleutian High creates a barrier for the dominant wintertime westerlies and forces wind to flow northward along the barrier on the western side of Aleutian High, and the wind returns back flowing southward on the eastern side of Aleutian High. This creates two cells of the enhanced northward and southward meridional wind, as illustrated in Fig. 2 . Figure 2 also shows a clear westward shift of meridional wind structures with height as is shown by Fig. 1 for geopotential height. Seasonally the two-cell structure of meridional wind appears in October and it is not observable after March.
Figures 1 and 2 present the average longitudinal pattern of geopotential height and meridional wind. This pattern is followed by individual years in most cases but there are several years which behave in a more or less different way. Analysis of these years and potential sources of their different behaviour is the main objective of this paper. Another objective is to find an altitude interval where the SPW1 pattern dominates in geopotential heights and meridional wind, and to investigate SPW development with altitude.
The structure of the paper is as follows. In Sect. 2, the data and methods are described. Then, in Sect. 3, the results of analysis are shown and, in Sect. 4, they are discussed. Section 5 contains conclusions.
Data and methods
To have sufficiently long (several decades) global and homogeneous data series, reanalysis must be used. Here the MERRA reanalysis (Modern Era-Retrospective ReAnalysis) is used, as it is the only reanalysis which includes the lower mesosphere (available up to 0.1 hPa). The MERRA reanalysis is described, for example, by Reichle (2012) and data are downloaded from http://disc.sci.gsfc.nasa.gov. MERRA data are available from 1979 at a slightly finer resolution but for our purpose the 1.25 to 1.25 • grid data are sufficient, as we are interested in gross features, not in fine details. MERRA data are available daily in 3 h intervals but here we are using monthly mean data averaged over 00:00, 06:00, 12:00 and 18:00 UTC times; Kozubek et al. (2015) demonstrated that the two-cell structure of meridional wind at 10 hPa is the same for 00:00, 06:00 and 12:00 UTC. Vertical resolution is 42 levels from 1000 hPa to the top of MERRA at 0.1 hPa. Since Kozubek et al. (2015) showed that three different reanalyses provided the same longitudinal pattern at 10 hPa we believe that the use of only one reanalysis is sufficient. Here we use MERRA geopotential height, temperature, meridional and zonal wind data from 500 to 0.1 hPa, latitudes 0-90 • N, 1979-2012 . We also use the Navy Operational Global Atmospheric Prediction System (NOGAPS) extended into the mesosphere to form an Advanced Level Physics High Altitude (ALPHA) version of NOGAPS-ALPHA extending to ∼ 100 km, even though only a few years of data are available. This dataset is used to search for the top border of the SPW1 in geopotential heights. The description of NOGAPS-ALPHA can be found in Hoppel et al. (2008) and Eckermann et al. (2009) .
The wind is not a quantity primarily computed by reanalysis models, it is a quantity derived from these primary quantities using the momentum balance equations (Rienecker et al., 2011) . Kozubek et al. (2014) compared winds from NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research), ERA-40 and ERA-Interim reanalysis with local winds measured by radiosondes launched in the reanalysis grid point 50 • N, 15 • E (station Prague-Libus). As for wind climatology, a good agreement was found among reanalyses and with Prague-Libus observations both in summer and winter for the whole period 1979-2012. Comparison of individual days between reanalysis and Prague-Libus radiosonde observations provided only a small number of days with substantially different winds, e.g. for comparisons NCEP/NCAR versus Prague-Libus it was on average 1 day per year for the 10 hPa level (Kozubek et al., 2014) . We found a similar agreement also for MERRA data. This shows good applicability of the MERRA approach to wind derivation in the stratosphere (at least up to 10 hPa).
The situation in the mesosphere is different from the stratosphere. Measurements revealed a substantial contribution of ageostrophic component to meridional wind above 70 km, which resulted in constructing an empirical ageostrophic meridional wind model for heights of 70-110 km (e.g. Portnyagin and Solovjeva, 1997, and references therein) . Gravity wave drag is suggested to be a likely cause of the ageostrophic motion characterizing the winter dynamics (e.g. Hall et al., 2003, and references therein) . We use the MERRA reanalysis up to height of 0.1 hPa, where the MERRA approach to meridional wind derivation is still applicable. For higher heights we use the NOGAPS-ALPHA database. The meridional wind again is not the primary quantity but the NOGAPS-ALPHA appears to use acceptable approximation.
Since we study behaviour of stationary planetary waves, the basic method of analysis is constructing composite maps at different pressure levels for individual months for the whole period under study and for individual years based on all individual grid points considered separately, not on zonal mean values or regional average values. These composite maps at several pressure levels also allow us to construct vertical profiles of various parameters. First the altitudinal boundaries of the region dominated by the SPW1 structure are estimated. This is followed by the main part of the paper -analysis of years which remarkably differ from the average pattern in the sense of penetration of SPW2 to much higher levels.
Results

Altitudinal boundaries of the dominant SPW1
structure Kozubek et al. (2015) observed the two-cell structure of wintertime (January) meridional wind at 10 hPa but a four-cell structure (SPW2) at 100 hPa. Since the effect of the SPW1 structure is most pronounced in meridional wind we analysed the January 34-year composite meridional wind at several pressure levels between 10 and 100 hPa in order to establish the lower boundary of the two-cell region. A less-pronounced but still two-cell structure was found at 30 hPa. At 50 hPa only a relatively weak remnant of the two-cell structure occurred with the first signs of a four-cell structure. At 100 hPa the four-cell structure with cells clearly weaker than those in the two-cell structure at 10 hPa is reported by Kozubek et al. (2015) . Thus no strict/sharp lower boundary of the two-cell structure is found; it changes continuously, which is partly a consequence of some year-to-year variability of this boundary. Nevertheless, the 50 hPa level may be considered to be approximately the lower boundary of the two-cell struc- lantic sector. This Atlantic cell seems to be excited in situ, because it is not visible at lower levels. Again as in the case of the lower boundary, there is no sharp upper boundary but we can identify the upper boundary of the SPW1 Aleutian High structure to be between 0.053 and 0.01 hPa; 0.01 hPa level is near the upper boundary of ALPHA-NOGAPS.
Meridional wind and geopotential height pattern in extraordinary Januaries
Altogether 35 years (Januaries) were analysed, 1979-2013. Out of them 26 Januaries reveal the two-cell pattern in meridional wind at 10 hPa, which is quite similar to the average two-cell pattern shown in Fig. 2 . The remaining nine Januaries, which we call extraordinary Januaries, do not display a clear two-cell structure at 10 hPa. They all reveal a tendency to a four-cell structure, which is supported by a tendency to a two-peak (the Aleutian High and another peak over the Euro-Atlantic sector) structure in geopotential heights. Those years are 1980 Those years are , 1985 Those years are , 1988 Those years are , 1991 Those years are , 1996 Those years are , 1997 Those years are , 2004 Those years are , 2005 Those years are and 2009 . The four-cell structure in meridional wind is pronounced best in 2009, when the amplitudes of individual cells are comparable. This four-cell structure is weaker than the twocell structure in "ordinary" years, but it is pronounced even at 1 hPa and it is supported by the two-peak structure in the field of geopotential height. On the other hand, the fourcell structure is expressed least in 1991, when two dominant well-pronounced cells around the Aleutian high are accompanied by two very weak cells more limited in latitudinal extent around the very weak Euro-Atlantic peak in geopotential heights, and the four-cell structure does not occur any more at 1 hPa.
The remaining seven Januaries occur between 1991 and 2009. One example is shown for 2005 in Fig. 4 for 10 hPa, which is typical for these years. The two main cells in meridional wind located on both sides of the Aleutian high at locations corresponding to the two-cell structure in ordinary years are accompanied by two much weaker cells around a weak secondary peak in the field of geopotential heights in the Euro-Atlantic sector, which is a typical pattern for the extraordinary Januaries of 1988, 1997 and 2005 . Thus these years display at 10 hPa a mixture of stronger SPW1 with weaker SPW2. The two other extraordinary Januaries, 1985 and 2004, exhibit a two-cell structure at latitudes above about 75 • N, and a four-cell structure between about 40 and 75 • N. Such a structure is related to a corresponding geopotential height longitudinal/latitudinal distribution. The last two extraordinary years, 1980 and 1996, have the secondary meridional wind cells located at somewhat lower latitudes, between about 30 and 70 • N. The finding that the two-cell structure in meridional wind and related SPW1 in geopotential heights at 10 hPa are similar in all individual 26 "regular" Januaries and similar to the composite structure from Fig. 1 , and that even in the eight "extraordinary" Januaries such a structure dominates (Fig. 4) Among the nine extraordinary Januaries, all except for 1991 and 1988 display an extraordinary structure also at 1 hPa, even though less developed (smaller SPW2 contribution) than at 10 hPa with the exception of 2009. The NOGAPS-ALPHA database, which allows analysis of higher altitudes, includes the two extraordinary Januaries of 2005 and 2009. The January of 2009 is not only the most "extraordinary" year but is also generally very unusual. For instance, a strong major warming occurred in January, when it should not occur according to the Labitzke-van Loon rule on the effect of combination of solar activity and QBO phase (e.g. Labitzke, 2005) . Therefore we will look at 2005, which seems to be a typical January from the group of extraordinary Januaries. Figure 5 shows for January 2005 geopotential heights, the same as Fig. 3 for the whole set of 34 years. Figure 5 , contrary to Fig. 3 , shows at all four pressure levels a structure which may be considered to be a mixture of SPW1 and SPW2. This structure is more pronounced at lower heights but it does exist up to 0.01 hPa. The main peak is moved somewhat westward, i.e. it is a Siberian rather than an Aleutian pressure high, and the second peak is located in the Atlantic-American sector. The second peak is pronounced best at somewhat lower latitudes, 45-50 • N, and it is almost absent at high latitudes. The meridional wind pattern agrees with the geopotential height pattern; only above 0.1 hPa, when the ageostrophic wind component begins to play a role, is the wind pattern more chaotic and without a pronounced systematic structure. Year 2009 provides similar results. The observational pattern seems to show that the EuroAtlantic pressure/geopotential height peak propagating upward disappears near 50 hPa in 26 "regular" Januaries but in the 9 "extraordinary" Januaries it propagates further upwards. The weakest 1991 European-East Atlantic peak disappears between 10 and 1 hPa, and in the other seven Januaries it attains the level 1 hPa, and Fig. 5 indicates that it could propagate up to the upper mesosphere (0.01 hPa) at least in some of the extraordinary years. On the other hand, in 1988 none of both geopotential height peaks is pronounced at 1 hPa.
Evolution of SPW1/SPW2 with height
To understand better the evolution of SPW1 and SPW2 with height and behaviour of extraordinary Januaries, we shall now examine the SPW1 amplitude maximum and its height and altitude ranges of dominance of the Aleutian High in Table 1 . SPW1 amplitudes at 1 hPa (ampl. in metres) and heights where the Aleutian peak becomes dominant over the Euro-Atlantic peak (height in hPa) for 60 • N and Januaries of all individual years 1923 m (1988) and four out of five Januaries with the smallest SPW1 amplitudes were extraordinary Januaries. On the other hand, amplitudes for four extraordinary Januaries were higher than median value and the second largest amplitude was reached in the extraordinary January 1996.
The 50 hPa level was estimated in Sect. 3.1 to be the boundary above which the 34-year composite displays only the SPW1 in geopotential heights. The SPW2 predominantly dominates at tropospheric heights. However, this SPW2 is not an ideal longitudinally sinusoidal wave with two equally high maxima. One maximum is the Aleutian High slightly shifted towards Siberia, i.e. close to the Aleutian High maximum in the case of "ordinary" years SPW1. The other maximum is located in the Euro-Atlantic sector approximately 180 • apart. Figure 6 shows the position of the SPW main maximum in geopotential height composite at 60 • N as a function of longitude and pressure height for individual months. The Euro-Atlantic peak dominates in the troposphere. On the other hand, the Aleutian High dominates in the stratosphere. The height of change of dominance somewhat varies with month; its lowest height is approaching 200 hPa for January and February; its upper height is about 70 hPa for October. Table 1 shows these heights for January for all individual years. Their scatter is rather large; they cover an interval from more than 500 (> 500) to 70 hPa with median value 200 hPa consistent with Fig. 6 . The heights of change in extraordinary years (marked by bold in Table 1) are 5 times below the median height and 4 times above the median height but these years include 1988 with the highest height (70 hPa). There is no clear relation between the height of change and the amplitude of SPW1 when considering all years together. Correlation coefficients for Januaries are very low: amplitude-height of change r = 0.19, amplitude-time (long-term trend) r = 0.02, height of change-time r = 0.17. Temporal trend coefficients as well as the linear relation between amplitude and height of change are insignificant even at the 1σ level. The multiple regression between the height of change versus amplitude and time describes only 6 % of the total variance of height of change. Thus there is no significant long-term trend both in amplitudes and heights of change, and the relation between amplitudes and heights of change is statistically quite insignificant.
The observational pattern seems to show that the EuroAtlantic pressure/geopotential height peak propagating upward disappears near 50 hPa in 26 "regular" Januaries but in the nine "extraordinary" Januaries it propagates further upwards. The weakest 1991 European-East Atlantic peak disappears between 10 and 1 hPa, but in the other eight Januaries it attains the level 1 hPa and Fig. 5 indicates that it at least in some of the extraordinary years it propagates up to the upper mesosphere (0.01 hPa). However, it is necessary to mention that above 0.1 hPa we have only 5 years of NOGAPS-ALPHA data, so the results above 0.1 hPa are rather preliminary.
Discussion
The SPW1 in geopotential heights and related two-cell structure in stratospheric meridional wind are derived from MERRA reanalysis data, which enables us to include also the lower mesosphere, and they are extended to the upper mesosphere with the limited NOGAPS-ALPHA dataset.
The lower boundary of the climatological occurrence of the two-cell structure is estimated to be about 50 hPa in the 34-year composite. No strict/sharp lower boundary could invoke the idea that it reflects the variable bottom of polar vortex. However, this probably is not the case as in the large majority of years the lower boundaries differ rather little and the situation at the 50 hPa level has no effect on the Aleutian High peak. It is rather the consequence of dissipation and eventual disappearance of the Euro-Atlantic peak of the SPW2 structure in geopotential heights in a broader interval of heights, not in a narrow range of heights, while the Aleutian peak remains and at higher altitudes it forms therefore SPW1.
We have estimated not only the lower boundary of this structure but the upper boundary as well, even though based on the limited 5-year NOGAPS-ALPHA database. Climatologically it is located not in the stratosphere but in the mesosphere at pressure levels near or somewhat below 0.01 hPa. We compared NOGAPS-ALPHA-based results from 10 and 1 hPa with MERRA reanalysis and they agree very well. So we can consider the NOGAPS-ALPHA dataset to provide reasonably reliable results. As far as we know, NOGAPS-ALPHA is the only dataset available for the upper mesosphere. Both the estimates of the lower as well as upper boundary of the SPW1 structure were made for January. For other months these values might be slightly different.
Our finding of the upper boundary of the SPW in the upper mesosphere is consistent with model results showing that SPWs are unable to penetrate into the thermosphere (e.g. Pogoreltsev et al., 2007) . Forbes et al. (2002) analysed zonal and meridional wind measurements from the HRDI and WINDII instruments onboard UARS to construct monthly average SPW structures from 15 to 110 km over the period December 1991 to September 1994 basically at ±40 • latitude. SPW1 at 40 • N in zonal wind was extending over all non-summer months in both hemispheres up to 80-90 km, which does not contradict our upper boundary estimate. SPW2 structures were much less prevalent because of more restrictive filtering effects due to the mean winds, which is also consistent with our results. The overall meridional wind structure at 40 • N reconstructed from SPW1 and SPW2 was very weak (Forbes et al., 2002, their Fig. 5 ) again in agreement with our results (Fig. 2) . Geopotential height amplitudes and their distribution were calculated also by Guryanov and Fahrutdinova (2014) based on Met Office Stratospheric Assimilated Data over [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Their amplitudes are 2-3 times smaller than our composite amplitudes but they computed real amplitudes, whereas we use maxmin difference, i.e. the real difference is only by a factor of 1-1.5; moreover, for our amplitudes over 2004-2012 this difference is even smaller, as follows from the data in Table 1 . Their maximum amplitudes are located between latitudes 60 and 70 • N at altitudes about 40-55 km; both these results reasonably agree with our results (Table 2 ). If we consider the different data used (we use MERRA reanalysis) and different way of estimating all parameters, the agreement may be considered satisfactory. Harvey and Hitchman (1996) found the geopotential height difference between the Aleutian High and polar vortex to maximize near the stratopause, which reasonably agrees with our estimate of SPW1 maximum at 0.1 hPa.
The dominant feature of SPW1 in the stratosphere is the Aleutian High. Therefore the SPW1 parameters are calculated for the geopotential height field. Vertical wavelengths estimated from the longitudinal shift with height in the stratosphere vary in a relatively broad range of values according to latitude and month with median value of 137 km. Vertical wavelengths are increasing with increasing latitude from 50 to 70 • N, seasonally they peak in November-December, and they are smallest at the beginning (October) and end (March) of the SPW1 season. Table 2 shows further parameters of SPW1. The largest amplitude (max-min difference), about 3.5 km, is observed in January, and the smallest amplitudes are observed at the beginning and end (October and March) of the SPW1 season. The SPW1 maximum is usually located near the latitude of 70 • N (except for December, 65 • N) and its height decreases with increasing time throughout the winter, from 0.5 hPa in October to 5 hPa March. Figure 6 indicates different slopes (i.e. vertical wavelengths) in the stratosphere versus troposphere and lower mesosphere. The different characteristics of stratospheric and tropospheric planetary waves were observed also by Sun et al. (2014) .
What is specific for the nine "extraordinary" years/ Januaries 1980 Januaries , 1985 Januaries , 1988 Januaries , 1991 Januaries , 1996 Januaries , 1997 Januaries , 2004 Januaries , 2005 Januaries and 2009 ? We checked various solar and dynamical parameters in order to find some correlation between the behaviour of a parameter and the occurrence of these extraordinary Januaries. The occurrence of extraordinary Januaries is not favoured either by high, or medium or low solar and/or geomagnetic activity. For 50 and 10 hPa QBO, NAO and ENSO (also with some time advance for QBO or ENSO) typically five extraordinary Januaries were under one polarity, four under the opposite polarity of each of these parameters, which means no relation with these parameters. Neither any combination of the QBO phase and solar activity favoured the occurrence of extraordinary Januaries. Another candidate is the major midwinter stratospheric warming; data are taken from http://www.geo. fu-berlin.de/en/met/ag/strat/produkte/northpole/index.html. Five winters, 1981 Five winters, /1982 Five winters, , 1987 Five winters, /1988 Five winters, , 1995 Five winters, /1996 Five winters, , 1996 Five winters, /1997 Five winters, and 2004 Five winters, /2005 , did not experience the major stratospheric warmings. In 1990/1991 it occurred in February, too late to affect the January average pattern. In January the major stratospheric warmings occurred in 1985 and 2004. A strong major warming occurred in late January/early February 2009, which could partly affect the average behaviour in January. However, these are only three out of nine winters, which corresponds rather to random coincidence with respect to the occurrence frequency of major midwinter stratospheric warmings. Moreover there are many other winters with major stratospheric warmings and the ordinary SPW1 structure of geopotential heights like in Fig. 1 . Thus major stratospheric warming does not seem to play a significant role in the occurrence of extraordinary Januaries. There is no coincidence of extraordinary Januaries with major volcanic eruptions which affected the stratosphere (El Chichón in spring 1982, Mt Pinatubo in June 1991). There is also no coincidence with sudden cooling of the tropical tropopause layer in 2001 and 2011/2012, which resulted in drops in water vapour concentration in the lower stratosphere (Urban et al., 2014) . There are no direct global long-term wind measurements in the mesosphere at the "two-cell meridional wind" latitudes. If the upper boundary of the SPW1/SPW2 occurrence would be the level 0.01 hPa (∼ 80 km or slightly lower), the ground-based wind measurements with various radars like meteor radars provide sufficiently long data series but only for a few locations and at too high altitudes (near ∼ 90 km). Zonal and meridional wind measurements from the High Resolution Doppler Imager (HRDI) and Wind Imaging Interferometer (WINDII) instruments on the Upper Atmosphere Research Satellite (UARS), which allow us to construct monthly average SPW structures from 15 to 110 km, are available only over limited time interval and basically only at ±40 • latitude, whereas the two-cell meridional wind structure in the stratosphere and lower mesosphere occurs predominantly at latitudes higher than 40 • N.
The SPW1 structure of geopotential heights in the stratosphere and mesosphere is formed by the Aleutian High. Therefore we turn our attention to indices closer to the north Pacific region. There is a slight tendency to a higher occurrence of extraordinary Januaries for the positive phase (months −2 to 0) of ENSO Modoki (six to three events), but it is not statistically significant. However, the PNA (Pacific North American) index is the only index which reveals a clear relation to the extraordinary January occurrence. All extraordinary Januaries occurred under the positive phase of PNA. On the other hand, the positive phase of PNA occurred also in many non-extraordinary Januaries. Therefore the positive phase of PNA is a necessary but not sufficient condition for the extraordinary January occurrence. However, the problem is that the "troublemaker" is not the Aleutian High but the other highs occurring in the stratosphere in the Euro-Atlantic sector, the diminishing and disappearance of which with increasing height makes the difference between the 26 "ordinary" and the 9 "extraordinary" years. We have not found any atmospheric index which could fully explain the occurrence of "extraordinary" years.
To help to clarify the behaviour of the Euro-Atlantic peak of the SPW2, height profiles of the SPW2 maximum amplitude and its position are calculated for January, 60 • N for each year separately. Selected years as examples are shown in Table 3 . All six Januaries display a westward tilt with height as expected for a SPW. Their amplitudes increase from 500 hPa toward the tropopause and reach maximum between 300 and 200 hPa. Out of 26 ordinary Januaries, 24 reached peak at 250 hPa and 2 at 300 hPa. Out of nine extraordinary years, in three years the peak was between 250 and 300 hPa, in 2 years at 250 hPa, and once at 200 and 300 hPa; in 1996 and 2009 (the most extreme year), the tropopause region peak was absent and amplitudes were continuously growing up to their maximum at 10 hPa. A systematic difference between ordinary and extraordinary years appears at higher heights. The Euro-Atlantic SPW2 amplitudes in ordinary Januaries continuously decrease with increasing height up to a height where they cannot be identified, which is in the case of the 3 years shown in Table 3 the level of 10 hPa (peak at 10 hPa in 2011 is a local disturbance, not continuation of Atlantic peak). In some other years this level differs, mostly it is lower. Moreover, too small amplitudes compared to the Aleutian High amplitude do not result in creating the detectable secondary cells in meridional circulation; therefore the average level of disappearance of the four-cell meridional wind structure in composite maps is close to 50 hPa. On the other hand, in the seven extraordinary years, which display the tropopause peak of the Euro-Atlantic SPW2 amplitude, the amplitude first decreases to about 50-70 hPa but much less than in ordinary years, and then it increases to a maximum in 10-1 hPa contrary to the behaviour of ordinary Januaries (Table 3) . Thus the ordinary and extraordinary Jan- Table 3 . Height profiles of "Atlantic" peak of SPW2 at 60 • N for three ordinary and three extraordinary Januaries. Longitudes (long in • E) and amplitudes (ampl in metres) of this peak are shown for 17 levels between 500 and 0.1 hPa based on MERRA data. uaries do not differ systematically in the troposphere but they differ systematically in the stratosphere, particularly in the middle and upper stratosphere.
Different filtering by winds in the Aleutian High sector and the Euro-Atlantic sector is a possible cause of different behaviour of the Aleutian and Euro-Atlantic peaks with increasing height. Model calculations by Nigam and Lindzen (1989) show high sensitivity of stratospheric SPWs to changes in zonal wind and an important role of polar night jet and subtropical jet in strengthening SPWs. Karami et al. (2016) derived from NCEP/NCAR reanalysis data the probability density functions (PDFs) of positive vertical wave number and documented that these probabilities (i.e. vertical propagation of SPWs) are decreasing with increasing zonal wave numbers, which agrees with our results showing better propagation of SPW1 than of SPW2.
According to Holton (1992) in a slightly simplified approach, the stationary planetary waves can propagate vertically upwards only in the presence of relatively weak mean zonal westerly winds with velocities between zero and the Rossby critical velocity and therefore they propagate clearly upward into the middle atmosphere only in winter, not in summer, which agrees with our results.
Let us now look at the monthly mean zonal winds in January, which are westerlies. Latitude 60 • N is selected as representative latitude. In ordinary years there was a systematic difference between zonal winds in the Aleutian and EuroAtlantic sectors in January. In the large majority of ordinary years the zonal wind in the Euro-Atlantic sector (centred at ∼ 0 • E) was strong in the stratosphere and did not allow the upward propagation of the Euro-Atlantic peak of SPW well into the middle atmosphere, whereas the zonal westerlies in the Aleutian sector (centred at ∼ 180 • E) are much weaker, as illustrated by Fig. 7 for 1986 and, therefore, allow the upward propagation of the Aleutian peak of SPW, thus creating the SPW1 structure at higher levels of the stratosphere and in the mesosphere. In a few remaining ordinary winters the difference is not so large but still the zonal westerlies in the Aleutian sector are evidently weaker than in the EuroAtlantic sector.
Thus in the ordinary years (Januaries) the change from the SPW2 or mixed SPW1-SPW2 longitudinal structure to SPW1 structure with increasing altitude appears to be the consequence of zonally asymmetric wind filtering, which diminishes the Euro-Atlantic peak of SPW2. How is it in extraordinary years?
In 1991, when the Euro-Atlantic peak in geopotential heights is observed at 10 hPa but not at 1 hPa, a region of strong westerlies at 60 • N is located above 10 hPa and filters out this peak, which thus cannot reach the 1 hPa level. In 1988, when the SPW structure appears at 10 hPa but no SPW peak penetrates to 1 hPa, strong zonal winds at all longitudes (which is quite unusual) block upward penetration of SPW up to 1 hPa. Even 50 and 70 • N display such a blocking. In 1985 and 2004 stronger winds occur only above 1 hPa and in each sector there is a range of longitudes where winds are not strong enough to block the upward penetration of both SPW peaks. In 2005 and 2009 there are channels of weaker westerlies in both sectors, which allow upward propagation of both SPW peaks into the mesosphere. In 2005 such a channel for the Euro-Atlantic sector is narrow, and therefore the Euro-Atlantic peak in geopotential heights is probably much weaker than the Aleutian peak. Westerlies in years 1980 and 1996 clearly allow upward SPW peak propagation in the Aleutian sector and to a limited extent in the EuroAtlantic sector; consequently the Euro-Atlantic peak still exists at higher altitudes, but it is substantially weaker than the Aleutian SPW peak. As for the year 1997, the zonal wind structure at 60 • N should not allow the propagation of both SPW peaks above about 10 hPa. Therefore it is necessary to look at 50 and 70 • N. In 1997 westerlies support upward propagation of the Aleutian peak at 50 and 60 • N and the Euro-Atlantic peak at 70 • N, so in some way a longitudinal structure with dominant Aleutian and minor Euro-Atlantic peak can be created.
Thus the different SPW filtering by zonal wind appears to explain the difference between the ordinary and extraordinary years. Why the zonal wind distribution and strength in different years differ is out of the scope of this paper.
Conclusions
The main results of this study based on MERRA data over 1979-2012 with some support by NOGAPS-ALPHA data, which is focused mainly on years which do not follow the dominant behaviour, are as follows:
-The well-pronounced two-cell longitudinal structure of meridional wind, which is a consequence of the SPW1 in geopotential heights in the Aleutian sector, does exist northward of 40-45 • N.
-They occur only in the winter half of the year (OctoberMarch).
-They cover the middle and upper stratosphere and most of the mesosphere with the lower boundary on average near 50 hPa and the upper boundary near or slightly below 0.01 hPa. Below 50-100 hPa, a SPW2 structure in geopotential heights exists with the other peak in EuroAtlantic sector and related four-cell longitudinal structure in meridional wind.
-The SPW1 in geopotential heights and two-cell longitudinal structure in meridional wind is a relatively persistent feature; only 9 out of 35 winters (Januaries) do not display this structure in a pure form. Even these nine winters predominantly exhibit a strong Aleutian peak and remarkably weaker Euro-Atlantic peak in geopotential heights, i.e. the mixture of dominant SPW1 with weaker SPW2 with respective mixture of the two-and four-cell structure in the meridional wind.
-The ordinary and extraordinary Januaries do not differ systematically in the troposphere but they differ systematically in the stratosphere, particularly in the middle and upper stratosphere, and also in the mesosphere. The Euro-Atlantic SPW2 peak in geopotential heights increases in magnitude up to the tropopause region peak for both types of years. However, then the magnitude of the Euro-Atlantic peak in extraordinary years decreases much less than that of ordinary years (in 1996 and 2009 even continuously increases) and above 50-70 hPa it again increases contrary to ordinary years up to a peak at 1-10 hPa, while this peak in ordinary years diminishes until becoming non-detectable.
-All extraordinary Januaries occurred under the positive phase of PNA. On the other hand, the positive phase of PNA occurred also in many non-extraordinary Januaries. Thus it seems to be a necessary but not sufficient condition for the appearance of extraordinary Januaries. Other meteorological, solar or geomagnetic indices as well as sudden stratospheric warmings did not reveal a relation to the occurrence of extraordinary Januaries.
-The decisive role in the existence of extraordinary years (Januaries) appears to be played by the SPW filtering by the mean zonal wind pattern, which is strongly dependent on longitude. In all ordinary years the mean zonal wind pattern in January allows the upward propagation of SPW1 (Aleutian peak in geopotential heights) up to the mesosphere but it does not allow the upward propagation of the Euro-Atlantic SPW2 peak to and above the 10 hPa level. On the other hand, the mean zonal wind filtering in extraordinary Januaries is consistent with the observed pattern of geopotential heights at higher altitudes.
The existence of the well-pronounced longitudinal structure in meridional wind in the stratosphere at middle and high latitudes means some limitations to application of the zonal mean approach in studying the middle atmosphere.
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